Arginine methylation facilitates the recruitment of TOP3B to chromatin to prevent R loop accumulation.
INTRODUCTION
Transcription levels are regulated by the recruitment of coactivators and corepressors that together orchestrate a cacophony of events, with emergent order at enhancers, promoters, gene bodies, and termination sites. Much of this regulation is mediated by enzymes that deposit posttranslational modifications (PTMs) on histones and other proteins associated with chromatin. These modifications, such as acetylation and methylation, generate docking sites for effector molecules that read the PTM mark and help reinforce an active or repressed chromatin state (Badeaux and Shi, 2013) . Protein arginine methyltransferases (PRMTs) are one such class of enzyme that regulates transcription, and the two primary transcriptional coactivators in this family are PRMT1 and CARM1 (coactivator-associated argi-nine methyltransferase 1), which deposit the H4R3me2a and H3R17me2a marks, respectively (Yang and Bedford, 2013) . Both of these marks are recognized by the Tudor domain of TDRD3 (Yang et al., 2010) , a protein that is enriched at the promoters of highly transcribed genes and can likely also associate with the C-terminal domain (CTD) of RNA Polymerase II (RNAP II) (Sims et al., 2011) . TDRD3 has no enzymatic activity of its own, but here we show that it is tightly complexed with DNA topoisomerase IIIb (TOP3B), an interaction that bestows, in part, coactivator activity on TDRD3. TOP3B is a member of the 1A subfamily of DNA topoisomerases and, as such, targets underwound or negatively supercoiled DNA (Wang, 2002) . This subfamily of topoisomerases has been implicated in the resolution of R loops (Wilson-Sali and Hsieh, 2002) , which are nucleic acid structures formed by an RNA/DNA hybrid and the displacement of the DNA strand.
Transcription-mediated R loop formation occurs when the nascent RNA transcript anneals back to the template DNA strand in the wake of RNAP II. R loops form there, owing to the presence of a negatively supercoiled region behind RNAP II and to the fact that RNA/DNA hybrids, particularly those formed by G-rich RNAs base-paired to C-rich DNA templates, are more stable than double-stranded DNA (Roberts and Crothers, 1992) . R loops have been described at class-switch sequences in the immunoglobulin H (IgH) locus (Yu et al., 2003) . There, R loops are thought to help initiate double-strand DNA breaks and trigger classswitch recombination through the recruitment of the activationinduced cytidine deaminase (AID). R loops have also been detected at the 5 0 end of human genes, particularly those transcribed from CpG island promoters, where they contribute to a protective pathway against DNA methylation (Ginno et al., 2012) . Recent evidence also suggests that R loop formation at the 3 0 end of genes is common and mediates efficient transcription termination (Ginno et al., 2013; Skourti-Stathaki et al., 2011) . Interestingly, the cotranscriptional formation of R loops impedes the progression of elongating RNAP II (Belotserkovskii et al., 2010) . Excessive R loop formation is also linked to genomic instability (Aguilera and García-Muse, 2012) . This suggests that the potential benefits associated with R loop formation must be carefully balanced with possible deleterious effects. At least three different surveillance mechanisms are thought to regulate R loop formation: (1) ribonuclease (RNase) H enzymes, which degrade RNA in the context of RNA/DNA hybrids; (2) RNA/ DNA helicases that specifically unwind these structures; and
(3) topoisomerases that act to relax negative supercoiled regions and thereby prevent the persistence of R loops (Aguilera and García-Muse, 2012) . However, how these redundant systems are targeted to R loop-prone genomic regions is unclear.
The interaction of TDRD3 with TOP3B provides a mechanism by which the topoisomerase activity can be recruited to regions of chromatin that are decorated with H4R3me2a and H3R17me2a marks and to methylated RNAP II at sites actively undergoing transcription. PRMTs (PRMT1 and CARM1) function as transcriptional coactivators in vivo by depositing methyl marks that recruit the TDRD3-TOP3B protein complex to dampen R loop formation.
RESULTS

TDRD3 and TOP3B Are Tightly Associated
We identified TDRD3 as an effector molecule for methylarginine marks on histone tails (Yang et al., 2010) . At that time, we speculated that TDRD3 would function as a scaffolding molecule that would recruit a protein complex to mediate the coactivator functions of PRMT1 and CARM1 methylation events. To address this possibility, we performed tandem affinity purification, followed by tryptic digestion and mass spectrometry to identify the TDRD3 protein complex ( Figure 1A and Table S1 available online). The TDRD3 complex primarily harbored proteins involved in mRNA metabolism and transcriptional regulation, but TOP3B was also repeatedly isolated in this complex, and it is involved in DNA topological conformation control (Seki et al., 1998) . We performed experiments to confirm the protein-protein interaction between TDRD3 and TOP3B. Using antibodies to endogenous TOP3B and TDRD3, the proteins were reciprocally coimmunoprecipitated from MCF7 cells ( Figure 1B ). Subcellular fractionation reveals that TOP3B and TDRD3 are present in both the nuclear and cytoplasmic cellular compartments and that these two proteins interact in the nuclear compartment (Figure S1) . The lung adenocarcinoma cell line (LCD) was reported to have lost both alleles of TDRD3 (Imoto et al., 2006) . Western analysis confirms that the TDRD3 antibody cannot coimmunoprecipitate TOP3B from this LCD cell line ( Figure 1C , left panel), and the transient introduction of GFP-TDRD3 reestablished the coimmunoprecipitation (coIP; Figure 1C , right panel). Using glycerol gradient fractionation, we found that TDRD3 and TOP3B cofractionate ( Figure 1D , left panels). We also stably introduced GFP-TDRD3, or GFP only, back into the LCD cell line. When glycerol gradient fractionation was performed with the LCD GFP and LCD GFP-TDRD3 lines, we saw that the presence of TDRD3 can shift the position of TOP3B ( Figure 1D , right panels), indicating that TDRD3 complexes with TOP3B. The interaction between TDRD3 and TOP3B is not mediated by DNA or RNA, because neither RNase A nor DNase I treatment impacts the efficiency of the coIPs ( Figure 1E ). Furthermore, recombinant TDRD3 and TOP3B interact directly with each other as demonstrated using a pull-down assay ( Figure 1F ). For this glutathione S-transferase (GST) pull-down assay, TDRD3 was expressed as a GST fusion protein, cleaved off the GST using PreScission protease, and then mixed with either GST or GST-TOP3B. The TDRD3-TOP3B interaction is not impacted by the presence of methylated peptides that bind the Tudor domain ( Figure S2 ).
Thus, these different approaches provide independent lines of evidence to support a direct, strong, and physiologically relevant interaction between TDRD3 and TOP3B.
TOP3B Interacts with the N-Terminal Region of TDRD3
We next mapped the interaction domains of TDRD3 and TOP3B. First, 11 different fragments spanning TDRD3 were transiently expressed as GFP fusion proteins in HeLa cells (Figures 2A and 2B) . Immunoprecipitation of this GFP fusion series revealed that TOP3B interacts with three of these truncation constructsthe three that harbor an intact oligonucleaotide/oligosaccharidebinding fold (OB fold) ( Figure 2B , top panel). An OB fold refers to a motif that primarily binds single-stranded DNA or RNA (Theobald et al., 2003) , although this motif has also been observed to function as a protein-interacting interface (Jardetzky et al., 1994) . It is unclear whether the OB fold of TDRD3 can also bind RNA or DNA and if these potential interactions could be impacted by TOP3B binding. Reciprocal mapping experiments were performed for TOP3B, and we found that the catalytically active cleavage and strand passage domain interacts with TDRD3 in transfected cells (Figures 2C and 2D) . Interestingly, the RMI1 protein (RecQ-mediated genome instability) harbors an OB fold that is required for the recruitment of TOP3A to the Bloom syndrome (BLM) protein complex (Raynard et al., 2008) . TOP3A and TOP3B are both members of the 1A subfamily of DNA topoisomerases (Wang, 2002) , and they share 40% identity over the catalytically active domains. Even with this high degree of shared identity, TOP3B is not found in the purified BLM or RMI1 protein complexes, whereas TOP3A is (Xu et al., 2008) (Figure 2E, right panel) . Conversely, we find that TDRD3 interacts with TOP3B, but not TOP3A ( Figure 2E , right panel).
TDRD3 Regulates TOP3B Stability and Recruitment to Chromatin
To start evaluating the role of TDRD3 in cells, we generated two stable breast cancer cell lines (MCF7 and MDA-MB-231) carrying a tetracycline-inducible small hairpin RNA (shRNA) construct to knock down endogenous TDRD3 levels. When these cells were treated with doxycycline (Dox), we observed an efficient reduction of TDRD3 levels together with an unexpected reduction in TOP3B levels ( Figure 3A) . A similar phenomenon was also seen with transient transfection of endoribonuclease-prepared siRNAs (esiRNA)-targeting TDRD3 ( Figure S3A ). This suggests either that TDRD3 regulates the expression of TOP3B or that an intact TDRD3-TOP3B complex is required to maintain TOP3B protein stability. We evaluated TOP3B RNA levels after TDRD3 knockdown and detected no change in the expression of TOP3B ( Figure 3B ), suggesting that the TOP3B protein is stabilized by the TDRD3 interaction. Indeed, when MCF7 cells were treated with a proteasome inhibitor (MG132), we observed an increase in ubiquitination of TOP3B, as detected with a ubiquitin antibody ( Figure 3C , upper panel, lanes 1 and 2). This laddering is exacerbated when TDRD3 is knocked down in the presence of MG132 ( Figure 3C , upper panel, lanes 3 and 4), even though there is less TOP3B. This experiment shows that under normal conditions TOP3B is ubiquitylated (at low levels) and that the presence of TDRD3 protects it from enhanced ubiquitylation and subsequent targeting to the (A) Affinity purification of the TDRD3 protein complex from human embryonic kidney 293 (HEK293) cells. HEK293 cells stably expressing the empty TAP-tag vector (control) or TAP-tag-TDRD3 (TDRD3 complex [TDRD3.com]) were harvested, and a standard TAP procedure was applied. The eluted protein complex was separated by SDS-PAGE and silver stained. The indicated gel slices were processed for protein identification using mass spectrometry. (B) TDRD3 and TOP3B coimmunoprecipitate. MCF7 cells were immunoprecipitated with rabbit control IgG, aTDRD3 antibody, and aTOP3B antibody. The eluted protein samples were detected with aTDRD3 and aTOP3B antibodies. (C) TDRD3 antibody does not cross-react with TOP3B protein. TDRD3 protein complex was immunoprecipitated from either MCF7 cells or LCD cells (TDRD3 deletion of both alleles) and detected with aTOP3B antibody (left panels). LCD cells were transiently transfected with GFP vector or GFP-TDRD3 and immunoprecipitated with aGFP antibody. The eluted samples were detected with aTOP3B and aTDRD3 antibodies (right panels).
(legend continued on next page) Molecular Cell TDRD3 Recruits TOP3B to Resolve R Loops proteasome for degradation. To independently verify the requirement of TDRD3 for TOP3B protein stability, the LCD GFP and LCD GFP-TDRD3 lines were subjected to a time course of cycloheximide (CHX) treatment to evaluate the stability of TOP3B in the absence and presence of TDRD3 ( Figure 3D ). Clearly, LCD cells transfected with GFP alone displayed very low levels of endogenous TOP3B, which had a very short half-life (90 min). By contrast, LCD cells that were rescued with GFP-TDRD3 display robust endogenous TOP3B stabilization.
Apart from stabilizing TOP3B, TDRD3 could potentially recruit this topoisomerase to chromatin because TOP3B interacts with the N-terminal portion of TDRD3 (Figures 2A and 2B) , leaving the C-terminal Tudor domain free to interact with arginine-methylated histones. To test this hypothesis, we generated a point mutation (E691K) in the Tudor domain of TDRD3, which blocks the ability of this domain to bind arginine-methylated peptides (Figure S3B) but does not disrupt TDRD3's ability to stabilize TOP3B ( Figure 3E , left panel). Next, total cellular proteins were separated into soluble and chromatin-associated fractions. A dramatic reduction in the recruitment of TOP3B to chromatin was observed when the Tudor domain of TDRD3 was nonfunctional ( Figure 3E , right panel). These data support the notion that TDRD3 functions as a scaffolding molecule that links TOP3B to chromatin through the ability of its Tudor domain to bind methylarginine motifs.
TDRD3 and TOP3B Are Recruited to the c-MYC Locus to Promote Transcription
We previously reported that TDRD3 is recruited to the transcriptional start sites (TSSs) of NRAS, DDX5, and c-MYC (Yang et al., 2010) . In parallel, Sims et al. showed that an arginine methylation site on the CTD of RNAP II can bind TDRD3 and that this methylation site is important for the regulation of snoRNA expression (Sims et al., 2011) . Quantitative measurements show that induced knockdown of TDRD3 results in significantly reduced expression of NRAS, DDX5, and c-MYC ( Figure 4A ), as well as snoRNA expression ( Figures S4A and S4B ). TDRD3 is enriched not only at the c-MYC TSS, but also in the body of the gene (Figures 4B , S4C, and S4D). The MYADM and EGR1 genes do not display TDRD3 enrichment and are used as negative controls in later experiments. Using PCR primers that span exon 1 and part of the promoter of c-MYC, we confirm that TDRD3 is recruited to this region by chromatin immunoprecipitation (ChIP)-qPCR ( Figure 4C ), and as would be expected, knockdown of TDRD3 dramatically reduces the ChIP signal at this site. We next performed an in-depth analysis of PRMT pathways at this locus. We found that PRMT1 and CARM1 display significant enrichment at the c-MYC promoter region in comparison to the control genes (MYADM and EGR1) ( Figure 4D ). In addition, the H4R3me2a mark, which is deposited by PRMT1, is the primary methylarginine mark at this region, and the effector complex (TDRD3-TOP3B) is also present. Similar observations were made at the NRAS and DDX5 loci, supporting the widespread nature of this mode of regulation ( Figures S4E and  S4F) . Thus, the complete PRMT,TDRD3,TOP3B axis is intact in the vicinity of the c-MYC, NRAS, and DDX5 transcriptional start sites.
The PRMT,TDRD3,TOP3B Axis Resolves R Loops at the c-MYC Locus To further study the underlying mechanisms of how TDRD3 regulates c-MYC gene transcription, we focused on its interaction partner, TOP3B. Both Drosophila and mouse TOP3B have relaxation activity on negative supercoils (Seki et al., 1998; Wilson et al., 2000) . To examine the topoisomerase activity of human TOP3B, we first incubated increasing amounts of purified TOP3B protein with negative supercoiled DNA substrates at 37 C for 1 hr. Partial relaxation of supercoiled DNA was observed at a 1:12 DNA:enzyme ratio ( Figures S5A and S5B) . When conducted at a 1:60 DNA:enzyme ratio, partial relaxation of substrate could be observed at 15 min and was complete by 60 min ( Figure S5C ). We next checked whether TDRD3 could regulate the activity of TOP3B by adding increasing amounts of TDRD3 protein to the reaction. However, substrate relaxation was not impacted ( Figure S5D ); nor was TOP3B activity altered with the further addition of methylated peptides that can bind the Tudor domain of TDRD3 ( Figures S5E-S5G ). This indicates that TDRD3 does not affect TOP3B catalytic activity in vitro.
R loop formation is dependent on DNA negative supercoiling (Aguilera and García-Muse, 2012) . The S9.6 monoclonal antibody recognizes RNA/DNA hybrids in a sequence-independent manner (Boguslawski et al., 1986) and thus can be used to gauge the degree of R loop formation in a DNA/RNA immunoprecipitation (DRIP) experiment (Skourti-Stathaki et al., 2011) . We applied this DRIP approach to assay whether TOP3B activity can reduce the levels of cotranscriptional R loop formation in vitro (Figure S5H) . For this, we used an R loop-forming plasmid (pFC53), which contains a 1.2 kb DNA sequence from the murine Airn CpG island (CGI) (Ginno et al., 2012) . In vitro transcription of this plasmid produced R loops efficiently, as shown by agarose gel separation and quantified by in vitro DRIP-qPCR ( Figure S5I , note smearing in lane 3). When TOP3B was added to the in vitro transcription reaction, the level of R loop formation decreased $8-fold ( Figure S5J ). These results indicate that TOP3B relaxes negative supercoiled DNA and reduces cotranscriptional R loop formation in vitro.
(D) TDRD3 complexes with TOP3B in cells. MCF7 cell lysates were separated by glycerol gradient. The collected samples were detected with aTOP3B and aTDRD3 antibodies (left panels). Cell lysates from GFP or GFP-TDRD3 stable expressing LCD cells were separated by glycerol gradient, and the collected samples were detected with aTOP3B antibody (right panels). The collected fractions are numbered, and the complex size is indicated, as determined by standards. (E) The TDRD3-TOP3B interaction is DNA and RNA independent. Coimmunoprecipitation experiments were performed as in (B), except that cell lysates were treated with either DNase I or RNase A before immunoprecipitation. (F) TDRD3 directly interacts with TOP3B in vitro. GST pull-down assays were performed using recombinant GST, GST-TOP3B, and TDRD3 proteins. Both input samples and pull-down samples were detected with aTDRD3 antibody (left). The GST-tag recombinant proteins in the pull-down samples were visualized by Coomassie staining (right). See also Figures S1 and S2 and Table S1 .
Previously, we showed that more than 60% of TDRD3 peaks are at TSSs (Yang et al., 2010 ). An in-depth analysis of the TDRD3-occupied TSSs, revealed that the majority of these TSSs (92.6%) are CGI-containing TSSs, whereas genomewide distribution of TSSs with CGI is comparable with non-CGI TSSs (49.7% versus 50.3%) ( Figure 5A ). CGI promoters are characterized by GC skew downstream of TSSs. R loops form when the transcription machinery goes through skewed CGI promoters (Ginno et al., 2012) . The fact that TDRD3 mainly peaks at CGI TSSs leads us to investigate whether TDRD3 promoter peaks overlap with R loop-forming promoters. Indeed, we found that 55.9% of TDRD3 promoter peaks fall into predicted R loop-forming promoters (p < 0.001) ( Figure 5B ). In cells, TDRD3 is likely to be the effector molecule that targets TOP3B activity to regions that are prone to R loop formation. Importantly, the c-MYC locus is GC skewed over its CpG island, and R loops have been predicted to form there using an in silico approach (Wongsurawat et al., 2012) . Furthermore, R loops have been imaged at the in vitro transcribed c-MYC locus using (C) TOP3B is ubiquitinated in cells. Both control MCF7 cells and Dox-inducible TDRD3 shRNAexpressing MCF7 cells were treated with vehicle or MG132 (10 mM) for 16 hr. Cells were lysed in RIPA buffer and immunoprecipitated with aTOP3B antibody. The eluted samples were subjected to western blot analysis using a aUbiquitin-specific antibody (P4D1) and a aTOP3B antibody. The input samples were subjected to western blot analysis using ap53 (positive control for MG132 treatment), aActin (loading control), and aTDRD3 antibodies. (D) The reexpression of TDRD3 stabilizes the TOP3B protein. LCD cells stably expressing GFP or GFP-TDRD3 were treated with 50 mg/ml cycloheximide (CHX) for the indicated time points. The cell lysates were detected by western blot using aTOP3B, aTDRD3, and aActin antibodies (left panel). TOP3B expression was quantified by densitometric analysis. Expression is represented as the percentage remaining relative to time zero. The half-life value was calculated using lines of best fit. Error bars represent SD calculated from three independent western blots (right panel). (E) Wild-type Tudor domain, but not Tudor mutant TDRD3 recruits TOP3B to the chromatin. LCD cells stably expressing GFP, GFP-TDRD3, and GFP-TDRD3 (E691K) constructs were lysed. Total cell lysates (left panel) as well as soluble and chromatin fractions (right panel) were prepared, and the expression levels of TOP3B and TDRD3 were detected by western blot analysis. aHistone H3 blotting shows the quality of soluble and chromatin fractions and equal loadings. See also Figure S3 . transmission electron microscopy (Duquette et al., 2005) . R loop formation has been reported to prevent RNA Pol II elongation and gene transcription (Belotserkovskii et al., 2010) , and perhaps the ability of TDRD3 to regulate c-MYC gene expression is mediated by targeted R loop reduction at the locus. To test this, we first confirmed that c-MYC undergoes efficient R loop formation upon in vitro transcription ( Figure 5C ). Adding TOP3B to the in vitro transcription reaction decreases c-MYC R loop levels as efficiently as E. coli Topo1 ( Figure 5D ). The addition of TDRD3 does not affect TOP3B enzymatic activity ( Figure 5D ). To confirm that c-MYC forms R loops in vivo, we conducted a DRIP experiment on genomic DNA from control and TDRD3 knockdown MCF7 cells. Knockdown of TDRD3 in MCF7 cells leads to a significant in- Figures S5L and S5M ). When we checked genomic regions that do not show TDRD3 occupancy (EGR1 and MYADM), this phenomenon was not observed. These data demonstrate that loss of TDRD3 expression leads to elevation of c-MYC, NRAS, and DDX5 R loops in vivo. Furthermore, overexpression of RNase H1 in cells negates the effects of TDRD3 loss on the DRIP signal and c-MYC expression ( Figures  S5N and S5O ), but does not impact the recruitment of TDRD3 to chromatin (Figures S5P and S5Q) .
Considering the fact that recruitment of TDRD3 to the c-MYC gene is mediated by methylarginine histone marks deposited by PRMT1 and CARM1 ( Figure 4D ), we next assessed whether PRMT1 and CARM1 regulate c-MYC R loop level. Using inducible knockout systems, we showed that loss of either PRMT1 or CARM1 increased R loop formation at the c-MYC locus (Figures 5F and 5G) . The loss of TDRD3 has an effect on R loop formation ( Figure 5E ) greater than that of the loss of either PRMT on its own ( Figures 5F and 5G) , likely because these two PRMTs are known to function synergistically (Bedford and Clarke, 2009 ). These data suggest that loss of methylarginine effector TDRD3 (the reader), as well as the arginine methyltransferases (the writers), increase cotranscriptionally formed R loops at the c-MYC locus.
TDRD3-Deficient Mice Display Decreased TOP3B Stability and Increased Genomic Instability
Tdrd3 knockout mice were generated from embryonic stem cells (ESCs) that harbored a gene-trap insertional mutation between exon 2 and 3 ( Figure 6A) . The gene-trap vector introduces a new BglII site, which results in a 3 kb downshift of the Southern blotting band for mice carrying the mutant allele ( Figure 6B ). Tdrd3 À/À embryos are developmentally normal, and the adults are viable and fertile. To facilitate additional studies of Tdrd3 cellular functions, we cultured mouse embryonic fibroblasts (MEFs) derived from embryonic day 12.5 (E12.5) embryos and confirmed the lack of Tdrd3 expression by western blot analysis ( Figure 6C ). The Tdrd3 À/À MEF line displayed reduced Top3B levels, consistent with previous findings (Figures 3A and 3D) .
Clearly, the loss of Tdrd3 will impair Top3B cellular functions, by either preventing its recruitment to chromatin, substantially destabilizing it, or both. Like Tdrd3 À/À mice, Top3B À/À mice are viable, but exhibit a lifespan that is reduced by about onethird (Kwan and Wang, 2001) , and are more inclined to develop autoantibodies against nuclear antigens (Kwan et al., 2007) . It was recently shown that Top3B À/À MEFs have increased DNA double-strand breaks (DSBs) as manifested by an increased gH2AX signal (Mohanty et al., 2008) . Tdrd3 À/À primary MEFs display a very similar phenotype, with increased H2AX phosphorylation and more gH2AX foci ( Figures 6D and 6E) . When Tdrd3 À/À primary MEFs are challenged with a DNA damaging agent, they also display more H2AX phosphorylation than their wild-type counterparts ( Figure S6A ). It is possible that increased R loop formation in Tdrd3 À/À primary MEFs could account for the increase in gH2AX signal because these single-stranded DNA regions are more prone to breakage (Helmrich et al., 2011; Mischo et al., 2011) .
Next, we asked whether R loop formation was elevated in cells isolated from Tdrd3 À/À mice. We focused on B cells because of the known role for R loop formation in class-switch recombination (CSR) and the formation of c-Myc/Igh translocation in these cells (Duquette et al., 2005) . We first confirmed that Tdrd3 is lost and Top3B levels are reduced in B cells isolated from Tdrd3 À/À mice ( Figure 6F ), as we have observed in other mouse cells (Figure 6C) and human cells ( Figure 3A) . We next evaluated the levels of R loop formation at the c-Myc and Igh loci. For this experiment, naive B cells were cultured for 3 days in the presence of interleukin-4 (IL-4) and lipopolysaccharide (LPS). This stimulation induces proliferation, upregulation of c-Myc and Igh gene expression, and CSR from IgM to IgG1 (Stavnezer et al., 2008; Wierstra and Alves, 2008) . The dramatically elevated transcription levels at these two loci are accompanied by R loop formation (Yu et al., 2003) . DRIP experiments revealed a doubling of R loop formation at both the c-Myc locus ( Figure 6G ) and the Igh locus ( Figure S6B) when Tdrd3 was lost.
Some gene-trap mutants display ''leaky'' expression of the endogenous gene, likely due to a small amount of splicing that can occur to bypass the trapping cassette (Swiercz et al., 2007) . When we immunoprecipitated large amounts of TDRD3 from wild-type and knockout B cells and subjected the samples to western analysis, we did detect a small amount of endogenous Tdrd3 protein in knockout cells ( Figure S6C ). We conclude that the insertional mutation results in a hypomorphic Tdrd3 allele, with 5%-7% (as determined by densitometric quantitation) Tdrd3 expression levels in Tdrd3 À/À cells.
TDRD3 Null Mice Display Increased Translocation between the c-Myc and Igh Loci
The observations that (1) there is an increased frequency of double-stranded DNA breaks in Tdrd3 À/À MEFs (Figures 6D and 6E) , (2) Tdrd3 À/À B cells express reduced levels of Top3B ( Figure 6F) , and (3) R loop formation is enhanced at both the c-Myc and Igh loci in these cells ( Figures 6G and S6B) prompted us to pursue the hypothesis that the loss of Tdrd3 could cause an increase in the rate of c-Myc/Igh translocations. This is a process demonstrated to be driven by a combination of R loop-prone regions and AID-mediated DNA breaks (Ruiz et al., 2011) . To examine the effect of Tdrd3 loss on these translocations, we assayed stimulated B cells for aberrant juxtaposition of the chromosomal regions that carry c-Myc and Igh, using a previously described (579) were analyzed for CGI occupancy, showing that 92.6% (536) are CGI associated. Human genome-wide analysis of 28,875 TSSs reveals that roughly half of them contain CGIs. TDRD3 ChIP-seq data used for this comparison were previously published (Yang et al., 2010) . (B) TDRD3 peaks are enriched in R loop-forming promoters. TDRD3 ChIP-seq data (Yang et al., 2010) were compared with 7,820 predicted R loop-forming promoters (Ginno et al., 2012) . The p value was determined by a permutation test: the overlap between TDRD3 and a random list of 7,820 promoters (defined as À1000 to +1000 from TSS) was tested 10,000 times to decide the p value. (F) Loss of PRMT1 increases c-MYC gene R loop formation in MEF cells. Prmt1 fl/À ER-Cre MEFs were untreated or treated with 4-hydroxytamoxifen (OHT) for 6 days to remove Prmt1 (see inset). Genomic DNA from these cells were untreated or treated with RNase H. DRIP experiment was performed with S9.6 antibody, and the DRIP DNA were analyzed by qPCR with primers for mouse c-Myc genes. **p = 0.001-0.01. (G) Loss of CARM1 also increases c-Myc gene R loop formation in MEF cells. Carm1 fl/fl ER-Cre MEFs were untreated or treated with 4-hydroxytamoxifen (OHT) for 6 days to remove Carm1 (see inset). DRIP experiment was performed as described in (E). All DRIP-qPCR experiments were independently performed at least three times. Error bars represent SD calculated from triplicate qPCR reactions of one representative experiment. See also Figure S5 . PCR/Southern blotting approach (Ramiro et al., 2004) ( Figures  7A and 7B ). Compared to wild-type controls, a 6-fold increase in translocation was seen in Tdrd3 À/À B cells ( Figure 7C) . We also saw a dramatic increase in rearrangements of the Igh muswitch region upon loss of Tdrd3 ( Figure 7B ). As expected, no translocations are observed in the absence of AID ( Figure 7B) . Interestingly, the loss of Tdrd3 does not impact CSR frequencies in these activated B cells (Figures S7A and S7B) . Thus, Tdrd3 separates the CSR and chromosome translocation phenotypes that are associated with AID loss. Position of the external probe is shown. The trapping vector is integrated into the intronic region between exons 2 and 3. (B) Southern blot analysis of tail DNA from a mouse litter, derived from a Tdrd3 +/À intercross. The DNA was digested with BglII, resulting in a 5 kb mutant band and an 8 kb wild-type band. (C) Primary MEFs were generated from E12.5 embryos. Western blot validated the loss of Tdrd3 expression and reduced expression of TOP3B in Tdrd3 À/À MEFs. (D) Elevated genomic instability in Tdrd3 À/À MEFs compared with wild-type MEFs detected by gH2AX western blot (right). MEFs derived from two different wild-type and knockout E12.5 embryos were assessed. Band intensities were quantified and normalized relative to their respective histone H3 bands. Quantification was expressed as folds of the lowest value. (E) Quantitation of genomic instability as a result of TDRD3 loss, as evidenced by primary MEF gH2AX foci counting. (F) Naive B cells purified from wild-type and Tdrd3 À/À mice spleen were examined for TDRD3 and TOP3B expression. (G) Elevated c-Myc R loop formation in Tdrd3 À/À B cells. R loop DRIP experiments were carried out with naive B cells cultured in IL-4 and LPS for 72 hr. c-Myc R loops were detected using mousespecific primers as indicated in the Experimental Procedures. Four mice per group were tested. See also Figure S6 .
DISCUSSION
PRMTs Promote Transcription by
Directing the Machinery for R Loop Resolution PRMT1 and CARM1 are the two major PRMTs that display transcriptional coactivator activity (Bedford and Clarke, 2009 ). They carry out their coactivator functions by methylating not only histone tails, but also RNA processing factors, transcriptional regulators, as well as transcription factors themselves (Lee and Stallcup, 2009) . Because there are a large number of substrates for these two PRMTs, it is likely that multiple mechanisms exist, some of them possibly redundant, to increase transcription at specific loci. It has been shown that dysregulation of transcription and RNA processing pathways increase R loop formation and genome instability in yeast (Aguilera and García-Muse, 2012; Mischo et al., 2011; Wahba et al., 2011) . Results presented in Figures 5F and 5G demonstrate that knockdown of PRMT1 and CARM1 results in elevated R loop formation, as does the knockdown of TDRD3 ( Figure 5D ). The fact that TDRD3 is recruited to R loop-prone regions ( Figure 5A) bolsters the idea that PRMT activity at these sites helps concentrate TDRD3-TOP3B where it is most needed and broadly influences transcription efficiency in this manner. The involvement of a DNA topoisomerase, which actively works on underwound DNA in the wake of RNAP II, provides a fundamental mechanism by which PRMTs can coactivate gene transcription.
Topoisomerases and Transcriptional Regulation in Mammalian Cells
Direct involvement of DNA topoisomerases in transcription has been proposed (Liu and Wang, 1987) . In this ''twin-domain'' model, advancing RNAP II generates positive supercoils in the DNA template ahead of it and negative supercoils behind it, and topoisomerase activity is required to relax the tension generated by this supercoiling and facilitate efficient transcription. This soon proved to be the case, with the identification of a purified transcriptional coactivator from HeLa cells as TOP1 (Kretzschmar et al., 1993) . Subsequently, both TOP2A and TOP2B have been shown to regulate in vitro transcription on chromatin templates and nuclear receptor transcription in cells (Ju et al., 2006; Mondal and Parvin, 2001) . Under normal conditions, TOP3A likely plays a role not in transcriptional regulation, but rather in DNA repair (Raynard et al., 2008) . However, the mislocalization of TOP3A, through a mixedlineage leukemia (MLL) translocation, has been reported in an acute myeloid leukemia patient (Herbaux et al., 2012) . This chimeric protein, which is an inframe fusion of the complete TOP3A open reading frame, will likely redirect its activity to gene promoters to promote transcription. Thus, although TOP1, TOP2A, and TOP2B have all been implicated as activators in transcriptional regulation, and TOP2B does colocalize with H3K4me2 marks (Tiwari et al., 2012) , no mechanism for their recruitment to chromatin has been established. Here, we show that TDRD3 performs this role for TOP3B. It is intriguing that TDRD3 also harbors a functional UBA domain between its Tudor domain and OB fold (Linder et al., 2008) . Thus, TDRD3-TOP3B could also be directed to specific loci where ubiquitin signals are enriched.
TDRD3 Is Implicated in c-Myc/Igh Translocation, but Not Class-Switch Recombination Although AID activity is focused at the Ig loci, considerable offtarget activity has been demonstrated (Chiarle et al., 2011; Klein et al., 2011) , resulting in mutations and chromosome translocations that are frequently observed in lymphomas, including the oncogenic c-Myc/Igh translocation of Burkitt's lymphoma. In B cells, this translocation requires AID, which induces the DSBs at the Igh and c-Myc loci; however, DSBs at c-Myc are less frequent and rate limiting (Robbiani et al., 2008) . We found here that loss of TDRD3 results in increased R loop formation at c-Myc ( Figure 6G) , and we observed a significant increase in chromosome translocation to Igh (Figures 7B and 7C) . The driving force behind the elevated c-Myc/Igh translocation frequency may be increased R loop formation at the rate-limiting c-Myc locus.
R loops have also been proposed to have a major role in AIDmediated CSR. During an immune response, B lymphocytes diversify the class of expressed antibody (IgM, IgG1, etc.) by CSR of the IgH (Stavnezer et al., 2008) . Recombination is triggered by AID-mediated DSB formation in transcribed noncoding switch regions. Mammalian switch regions are composed of repetitive 1-12 kb elements with a G-rich nontemplate sequence that forms stable R loops in vitro and in vivo (Yu et al., 2003) . A role for R loops in CSR is supported by several lines of genetic evidence. Deletion of the G-rich content, inversion of R loopforming nontemplate strand to the template strand, and decreasing the G content all lead to significant decreases in CSR (Chaudhuri et al., 2003; Shinkura et al., 2004) . Furthermore, a nonswitch region that forms R loops can support CSR (Shinkura et al., 2004) . Loss of Tdrd3 results in increased R loop detection at the mu-switch region ( Figure S6B) ; however, we do not see enhancement of CSR ( Figure S7B ). It is possible that R loop contribution is already optimal, and further enhancement, due to TDRD3 loss, does not boost CSR. On the other hand, TDRD3 may not target the switch g1 switch region, but instead preferentially affect short-range recombination. During CSR, intraswitch deletions and rearrangements at the mu switch normally occur at a fairly high rate (Dudley et al., 2002) . Following TDRD3 loss, we detect greater rearrangement of the mu-switch region, which is indicative of enhanced intraswitch region recombination ( Figure 7B) .
A Dual Role for the TDRD3-TOP3B Complex-One Nuclear, the Other Cytoplasmic Recently, two research groups identified the TDRD3-TOP3B as binding partners for fragile X mental retardation protein (FMRP) (Stoll et al., 2013; Xu et al., 2013) . We also found FMRP and its homologs (FXR1 andFXR2) in the TDRD3 protein complex (Figure 1A) , as has been previously reported (Linder et al., 2008) . FMRP is a RNA-binding protein that associates with polyribosomes and can function as a regulator of translation (Laggerbauer et al., 2001) . Indeed, the TDRD3-TOP3B-FMRP complex is associated with the mRNA pool that is undergoing translation (Stoll et al., 2013) . Importantly, TOP3B possesses RNA topoisomerase activity (Stoll et al., 2013; Xu et al., 2013) . Although, it is not yet clear how this RNA-directed activity is implicated in FMRP function at the ribosomes, it has been proposed to reduce mRNA topological stress and thus promote translation (Xu et al., 2013) . Thus, TDRD3-TOP3B-containing complexes regulate both transcription and translation. Considering the emerging evidence that dysregulated R loop formation contributes to neuronal disorders (Powell et al., 2013; Skourti-Stathaki et al., 2011) , the elevation of R loops observed with TDRD3 loss might also help explain the mechanisms underlying certain neurodevelopment disorders, where deletion of TOP3B is found (Stoll et al., 2013) .
The PRMT,TDRD3,TOP3B axis model is depicted in Figure 7D . We envision that PRMT1 and CARM1 are recruited to promoters by transcription factors. There, they methylate a num-ber of different proteins, including histone H3, H4, and RNAP II. These methylation events are read by TDRD3, which in turn recruits TOP3B to heavily transcribed genes. The TDRD3-TOP3B complex will be concentrated between the transcriptional start site and the elongating RNAP II, the precise region that is underwound and prone to R loop formation. TOP3B is thus delivered by the methylarginine effector molecule TDRD3 to the region of chromatin where it is most needed.
EXPERIMENTAL PROCEDURES
Antibodies TDRD3 antibodies have been described, as have the antibodies for GFP, GST, PRMT1, CARM1, PRMT6, H4R3me2a, H3R17me2a, and H3R2me2a (Yang et al., 2010) . Mouse monoclonal TOP3B antibody (ab56445) and rabbit anti-BLM (ab476) were purchased from Abcam. Mouse monoclonal DNA/RNA hybrid antibody (S9.6) has been described (Ginno et al., 2012) . gH2AX (Ser139) antibody (05-636) was purchased from Millipore. Mouse monoclonal Flag antibody (F3165) was purchased from Sigma.
Mice and Cell Lines
Tdrd3 knockout mice were generated from a targeted mES clone RRK474 (BayGenomics) under oversight from the MD Anderson IACUC review board. The Aid knockout mice have been described before (Ramiro et al., 2004) . MCF7 cells, MCF7-tet-on-shCARM1, human VMRC-LCD cells, and GFP/ GFP-TDRD3 stably expressing LCD cells have been described before (Yang et al., 2010) . MCF7 tet-on-shTDRD3 cell line, tamoxifen-induced Prmt1 fl/À and Carm1 fl/fl MEFs, and Tdrd3 À/À MEFs are described in the Supplemental Experimental Procedures.
DNA/RNA Immunoprecipitation DRIP approach was modified from published studies (Ginno et al., 2012; Skourti-Stathaki et al., 2011) and is described in the Supplemental Experimental Procedures. See Table S2 .
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